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The A1Σ+u - X
1Σ+g UV spectrum of Mg2 has been investigated with high resolution employing
Fourier-transform spectroscopy and laser excitation. Computer simulation and fit of line positions
to the overlapping structures in the spectra yield precise transition frequencies. Starting with the
well characterized ground state X1Σ+g from former work we derived excited energy levels and report
on the evaluation of the A1Σ+u excited state, which is found to interact with another electronic state,
which we identify as the lower part of the (1)1Πu state. A coupled channels fit to the level energies
of the upper state yields a reliable potential energy curve for the A1Σ+u for the range of vibrational
levels 1 ≤ v′ ≤ 46. A potential energy curve for the (1)1Πu state is proposed, but the (1)
1Πu state
is only characterized by its coupling to the A state, and no direct transition to a level of the (1)1Πu
could be uniquely identified due to the overlapping spectral structures.
PACS numbers: 31.50.Df, 33.20.Lg, 33.20.Vq
I. INTRODUCTION
Recently we reported on new investigations of the Mg2
UV - absorption spectrum [1]. Major motivation of the
experimental efforts was a reliable characterization of the
cold collision properties of ground state atoms by the
molecular ground state X1Σ+g , which were derived from
the long range behaviour of the potential energy curve
(PEC) and given in the form of scattering lengths. With
the new data, incorporating also data from former spec-
troscopic work [2–7] as much as possible, paper [1] ex-
clusively handles the properties of the molecular ground
state and concentrates on different mathematical forms
to represent the PEC. The spectroscopic data on the up-
per state level structure is more complex, and its evalu-
ation will be reported in the present paper. Due to the
better precision compared to [2] and the computer aided
evaluation of the spectral structures, perturbations man-
ifesting themselves by shifts of the observed spectral lines
could be identified. The (1)1Πu state was included as the
most plausible perturber in the modeling of the excited
state data to derive the PEC for state A1Σ+u .
The most abundant isotopes of the alkaline earth met-
als have nuclear spin zero, thus there is no hyperfine
structure, a fact which simplifies the spectral structures.
Similar investigations have been carried out in the past
on Ca2 and Sr2 for the ground states [8, 9] and for some
of the lowest excited electronic states [10, 11]. Gener-
ally, all those examples revealed substantial differences
between PECs from up to date ab initio calculations and
PECs deduced from spectroscopic observations.
An overview of the electronic structure of the Mg2
molecule is given in Figure 1. The data of the PECs
have been taken from Amaran et al. [13]. The PEC of
the ground state X1Σ+g has been omitted for an enlarged
view of the excited states. The thick blue curves are the
PECs which are relevant in this report. The A1Σ+u state,
on which we focus in this paper, is crossed by a 3Πu state
from below, which comes from the asymptotic combina-
tion of Mg (3P ) and Mg(1S). A coupling of this state
FIG. 1: (color online) The lowest excited states of Mg2 ac-
cording to ab initio calculations by Amaran et al. [13]. Thick
blue lines indicate the PECs of the excited states relevant for
this work.
to the A state by spin-orbit coupling will cause predisso-
ciation, but this was not identified within our recorded
spectra. The inner branch of the A1Σ+u state potential is
close to that of the (1)1Πu state, in former ab initio cal-
culations by Czuchaj et al. [14] a crossing of both PECs
was predicted. We propose below the (1)1Πu state as be-
ing responsible for the observed perturbations in the A -
X spectrum. The crossings of the 3Σ+g and
1Πg play no
role in the present work because of their gerade symme-
try.
In the next section we will give a short overview of the
relevant experimental details. Then we will describe the
evaluation of the spectra and the treatment of the data.
In section IV the model approaches will be presented.
The paper ends with a discussion of the results and a
short conclusion.
2II. EXPERIMENTAL METHODS
The experimental methods employed are described in
detail in [1]. The Mg2 vapour was generated in a stainless
steel heat pipe containing Mg metal at a typical operat-
ing temperature of the central part of 1100 K, with about
40 to 80 hPa Ar as buffer gas. Absorption spectra were
taken with a broad band light source, reducing the band-
width to between 400 nm and 250 nm by optical filtering.
A high resolution Fourier-transform spectrometer (FTS)
with a typical resolution of about 0.1 cm−1, which cor-
responds well to the Doppler width of the spectral lines,
was employed to obtain the spectra. About 300 inter-
ferograms were finally averaged to obtain the absorption
spectrum actually used for evaluation. In addition, laser
induced fluorescence was recorded, excited by an UV Ar-
ion laser or a frequency doubled TiSa laser, respectively,
employing the FTS for the dispersion of the fluorescence.
The fluorescence progressions having in common one ex-
cited level offer substantial information on the lower state
and assign clearly the rotational quantum number of the
excited level which helps significantly in the assignment
of the dense absorption spectrum. Characteristic exam-
ples of recorded spectra of these kinds were given in [1].
III. EVALUATION OF SPECTRA AND DATA
TREATMENT
For the assignment of the spectral lines we found com-
plete agreement to the previous work by Balfour and
Douglas [2]. However, due to the isotopic abundance
of natural Mg (24Mg about 79 %, 25Mg about 10 %,
26Mg about 11 %), the spectra are a mixture of six
isotopologues in the molecular gas with abundances of
62 %, 7.9 %, 8.7 %, 1.1 %, 1.0 % and 1.2 % for 24Mg2,
24Mg25Mg, 24Mg26Mg, 25Mg26Mg, 25Mg2,
26Mg2, re-
spectively. The three most abundant isotopic forms could
be finally identified in our spectra. For the temperatures
of 1100 K necessary in the experiment, all rovibrational
levels of the ground state have a significant thermal pop-
ulation due to the small vibrational frequency and the
large equilibrium internuclear distance of a typical van
der Waals state. Thus the absorption spectrum shows
high density of lines and essentially no observed spectral
feature is due to a single line, but a blend of lines.
This limitation in unraveling the spectra could partly
be overcome by using a computer program, which sim-
ulates the spectra and can also fit an artificial spec-
trum to a selected window of the observed spectrum.
It is based on calculating eigenvalues from intermediate
PECs, representing the transition frequencies as differ-
ences between eigenvalues of upper and lower electronic
states and applying standard line profiles for simulation
of the spectrum in the selected window. In this way
the overlap of lines could be accounted for, at least for
the strong lines and for the three most abundant isotopo-
logues 24Mg2,
24Mg25Mg and 24Mg26Mg. The abundance
of the other isotopologues is small enough to neglect their
influence within the signal-to-noise ratio of the spectra.
Due to the very flat and wide ground state potential, the
intensities of the spectral lines not only depend on ther-
mal population of the ground state levels, but also on
the significant change of the Franck-Condon factors with
rotation. As a consequence nearly no vibrational band
(v′ - v′′) can be observed over the full span of rotational
quantum numbers, but always fragments with a certain
limited range of rotational quantum numbers appear.
An iterative procedure was pursued increasing the
range of quantum numbers of assigned spectral lines and
improving the intermediate PECs step by step. We could
replace most of the lines assigned in [2] by new frequen-
cies being more precise by about a factor of three. By
the evaluation procedure it was also possible to identify
parts in bands where the lines were shifted with respect
to their expected positions, unveiling regions of pertur-
bations in the upper state by a yet unknown electronic
state. We note that in paper [1] we limited the data set
to lines, which were obviously not perturbed, restricting
the range of vibrational quantum numbers v ≤ 28 in the
upper state A1Σ+u for getting a precise description of the
ground state. We used the PECs determined with this
set of data for lower and upper state to assign lines with
higher vibrational quantum numbers v′.
When the difference between frequencies of newly as-
signed lines and their predictions increased by more than
a typical full width at half maximum (FWHM, about 0.22
cm−1), a new PEC was determined now including those
new lines. With this iterative procedure we could ben-
efit from better prediction qualities due to the stiffness
of the potential representation compared to a Dunham
parameter approach and could extend the span of vibra-
tional levels in the upper state beyond v′ = 46. During
the assignment process, we also identified various regions,
where the lines were shifted systematically with respect
to the prediction. The lines starting from lower J are first
always higher in energy up to a maximum shift at certain
J, then switch sign to negative shift and reduce in magni-
tude when going to higher J. This is a clear signature of a
perturbation by coupling to another level system which
has a larger rotational constant than the A state. So
we identified these regions as being perturbed, as soon
as the shifts were larger in magnitude than about 0.06
cm−1. The shifts could be verified by finding other lines
with similar shifts connecting to the same upper level.
Besides the main isotopologue 24Mg2, only few lines of
mixed isotopes could be sufficiently precisely determined
due to their mostly low intensities and significant spec-
tral overlap. Therefore, the main body of data for other
isotopes stems from the absorption measurements on a
sample of enriched 26Mg2 by Balfour and Douglas [2].
Above v′ = 46 levels lines with additional perturba-
tions were found which indicates the existence of an addi-
tional perturber and hinders unique assignment. There-
fore, the data set used for the modeling presented here
comprises only lines with 1 ≤ v′ ≤ 46. Transitions to v′ =
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FIG. 2: (color online) Overview of the data set used for the
modeling. The squares mark the levels, the black ones are
perturbation free, the red ones identify regions where devia-
tions of the levels from a single state model appear. The full
blue lines indicate the course of energy levels of the perturb-
ing (1)1Πu state. On the right vibrational quantum numbers
are given for orientation.
0 were not found, this failure could be finally confirmed
by the prediction of small Franck-Condon factors.
Generally, for each excited level we determined at least
the P line and the R line of the most prominent vibra-
tional band in order to be sure about having identified
the proper line in the dense spectrum. In some cases
also lines of less intense bands were used in addition for
verification, as far as such lines were intense enough for
unique assignment. In the perturbed regions no extra
line could be identified with certainty, so for the perturb-
ing state there are no direct observations. In total, we
used 5844 lines and their uncertainties range from 0.015
to 0.3 cm−1 depending on the signal-to-noise ratio and
the degree of overlap of lines. The data from [2] have an
uncertainty of 0.05 cm−1. The whole data set is available
in the electronic supplement [15].
IV. MODELING OF THE EXCITED STATE
A1Σ+u
Because the ground state is well known from [1], we cal-
culate term energies of the upper state A1Σ+u by adding
the energy of the ground state level, which results as
eigenvalue of the analytical potential given in table I of
[1], to the measured transition frequency. All energies are
referred to the minimum of the electronic ground state
X1Σ+g . An overview of the data available is given in figure
2. The full squares mark the level energies in the vibra-
tional interval 1 ≤ v′ ≤ 46. The larger (red) squares mark
regions, where levels were identified as being perturbed
using only a single state fit of the A1Σ+u state. The full
lines mark the course of energy levels of the later pro-
posed perturbing electronic state assigned as (1)1Πu (see
section IVC).
A. Construction of the potential energy curves
In a first approach the experimentally determined level
energies are used for a direct fit of a PEC for A1Σ+u ne-
glecting the perturbations. The radial Schro¨dinger equa-
tion with an effective Hamiltonian (e.g. [12]) for an elec-
tronic state with symmetry 1Σ of the form
Heff = − h¯
2
2µ
∂2
∂R2
+ U(R) + Ucorr(R)
+
h¯2 · [1 + α(R)] · J(J + 1)
2µR2
(1)
is solved to find eigenvalues; µ is the reduced mass
and h¯ is Planck’s constant. U(R) is the Born-
Oppenheimer potential and Ucorr and α adiabatic and
non-adiabatic Born-Oppenheimer corrections (BOC), re-
spectively, which could become determinable if more than
one isotopologue or high rotational quantum numbers are
involved. Details are given in [12]. The adiabatic correc-
tion Ucorr(R) is mass dependent and can only be distin-
guished from U(R) if data of different isotopic species of
the molecule are available. It had to be taken into ac-
count for the A1Σ+u state, as was already mentioned by
Vidal et al. [7]. The non-adiabatic BOC was not signifi-
cant in the present evaluation despite rotational quantum
numbers J up to 87. During the fit the eigenvalues for
the levels are calculated with the current potential. The
difference of the calculated energy to the experimentally
determined one is used in a weighted least squares fit
in which the parameters of the PEC representation are
adjusted to yield a minimum χ2
χ2 =
∑
j
(
obsj − calj
∆obsj
)2
, (2)
where obsj are the observed energies, calj the calculated
values and ∆obsj the estimated uncertainties of the ex-
perimental values. For the fitting of the nonlinear prob-
lem we use the MINUIT program package [16].
For the representation of the PEC of the A1Σ+u state
the ”X-representation” is used. The PEC U(R) (see e.g.
[11]) is cut according to physical considerations at the
transition points Ri and Ro into three parts. The central
well around the potential minimum, labeled here by CP,
with Ri ≤ R ≤ Ro is represented as a finite power series
UCP(R) = Tm +
n∑
i=1
ai x(R)
i (3)
4with a nonlinear variable function x of internuclear sep-
aration R:
x(R) =
R−Rm
R + bRm
. (4)
The parameters {ai} and Tm are adjusted in the fit. The
parameter b determines the pole at small R < Ri, and al-
lows to some degree to account for the asymmetry of the
potential, and Rm is the expansion center, chosen typ-
ically close to the equilibrium internuclear distance Re.
Those two parameters are found once by initially model-
ing a preliminary RKR potential with the analytic form
(3) and kept fixed in subsequent fits of the parameters
ai.
The potential is continuously and differentiably ex-
trapolated for R < Ri with:
USR(R) = A+B/Rs (5)
by selecting s and adjusting the parameters A, B accord-
ingly at Ri.
For large internuclear distances R > Ro the standard
long range form of molecular potentials is adopted:
ULR(R) = diss.asympt.−
∑
i
Ci/R
i (6)
For the A1Σ+u of Mg2 terms with i = 3, 6, 8 were used.
C3 was calculated from the atomic lifetime of 2.09(10) ns
reported in [17] for 1P1 of Mg, C6 and C8 were deter-
mined by the requirement of a fixed dissociation asymp-
tote and a continuous and differentiable transition at Ro.
The dissociation asymptote was set to 35481.745 cm−1
with respect to the minimum of the ground state using
De(X) = 430.472(500) cm
−1 [1] and the level energy E =
35051.27211(17) cm−1 of Mg 1P1 [18].
The adiabatic Born-Oppenheimer correction potential
Ucorr(R) is represented as
Ucorr(R) = (1− µref
µ
) · Uad (7)
with
Uad = (
2Rm
R+Rm
)l
∑
i
vi · x(R)i, i = 0, 1, 2, ... (8)
with µref being the reduced mass of the selected ref-
erence isotope 24Mg2 and l being the power of R
in the leading term of the long range interactions.
The atomic isotope shifts of the 1P1 level (ν(
25Mg) −
ν(24Mg) = 0.02482(25) cm−1, ν(26Mg) − ν(24Mg) =
0.04716(25) cm−1 [18]) were neglected, because the
energy gap between the last observed levels and the
Mg(1S0) + Mg(
1P1) asymptote is more than 2500 cm
−1,
large enough that finer details at the asymptote do not
influence the results.
B. Results of the single state approach
Excluding from the full set of 5844 levels all those,
which were identified as perturbed, altogether N = 5390
transitions remained, 4955 of them for the main isotopo-
logue 24Mg2 representing 1625 levels of the A
1Σ+u state.
We adjusted Tm, 15 potential parameters ai and one
parameter v0 for the adiabatic Born-Oppenheimer cor-
rection. The final standard deviation was 0.025 cm−1,
which corresponds well to the average experimental un-
certainty, yielding a reduced standard deviation σ =√
χ2/(N −Np) of σ = 0.97, where Np is the number
of fitted parameters, 17 in the present case. The results
of the fit are listed in table I.
The same data set was used for a fit to Dunham pa-
rameters, which allow for a convenient calculation of an
energy level E(v,J) from given parameters, because the
level energies are expanded as a truncated power series
E(v, J) = T0 +
∑
i,k=0
Yik(v + 1/2)
i[J(J + 1)− Ω2]k (9)
where v is the vibrational, J the rotational quantum num-
ber and Ω the projection of the total electronic angu-
lar momentum on the molecular axis. Effects of Born-
Oppenheimer corrections are included in this case in the
parameter ∆00, such that
[T0 + Y00](
iMgjMg) = T00(1 + ∆00
me
µij
), (10)
where me is the electron mass and µ the reduced mass of
the isotope combination ”i” and ”j”. This formalism is
described in more detail e.g. in [19]. The Dunham repre-
sentation fits the energy levels with similar quality as the
potential fit does. The standard deviation is 0.025 cm−1
for 14 parameters as listed in table II and the reduced
standard deviation becomes 1.0, not significantly larger
than for the PEC fit. For both single state approaches
the energy contributions of the Born-Oppenheimer cor-
rection to the A1Σ+u state are similar, the appropriate T
parameter increases by about 0.1 cm−1 when going from
24Mg2 to
26Mg2.
C. Evaluation of the coupled system A1Σ+u +
(1)1Πu
Figure 2 shows that observed level shifts start at
about 2500 cm−1 above the bottom of the A1Σ+u state.
Comparing this with the electronic states in figure 1
it becomes very plausible that the coupling with the
(1)1Πu state is the reason for the level shifts. An in-
teraction between a 1Πu and
1Σ+u state will be caused
by the non-diagonal L-uncoupling part of the rotational
operator Hrot in the Hamiltonian. It couples electronic
states differing by one unit in Λ, the projection of the to-
tal orbital angular momentum on the internuclear axis.
5TABLE I: Parameters for the potential curve of the A1Σ+u ex-
cited state of Mg2. For a faithful representation of the poten-
tial the coefficients are given to 10 figures. This does not
reflect the accuracy of potential parameters in reproducing
experimental energies within the standard deviation.
Parameter Value
R < Ri =2.40A˚
A (cm−1) 0.2337728514·105 b
B (cm−1A˚s) 0.1670102671·107 b
s 6.0
Ri ≤ R ≤ Ro =7.00A˚
Rm (A˚) 3.0810
Tm (cm
−1) 26068.9374
b -0.50
a1 (cm
−1) -0.3184844904·102
a2 (cm
−1) 0.1539171479·105
a3 (cm
−1) 0.9143888458·104
a4 (cm
−1) -0.1208749050·104
a5 (cm
−1) -0.1658325000·105
a6 (cm
−1) 0.4992091056·104
a7 (cm
−1) 0.8728631208·105
a8 (cm
−1) -0.6922598796·105
a9 (cm
−1) -0.4052591883·106
a10 (cm
−1) 0.2193592836·106
a11 (cm
−1) 0.9904222700·106
a12 (cm
−1) -0.4097327102·106
a13 (cm
−1) -0.1327033049·107
a14 (cm
−1) 0.3102998712·106
a15 (cm
−1) 0.7591975582·106
Ro < R
C3 (cm
−1A˚3) 0.3560·106 a
C6 (cm
−1A˚6) 0.4230226740·108 b
C8 (cm
−1A˚8) -0.2969367813·1010 b
diss.asympt. (cm−1) 35481.745 c
adiabatic Born-Oppenheimer correction
v0 (cm
−1) 1.4387
std. dev. (cm−1) 0.025
reduced std. dev. σ 0.97
Derived constants
Re (A˚) 3.0835
Te (
24Mg2) (cm
−1) 26068.894(500)
De (
24Mg2) (cm
−1) 9412.851(500)
a calculated from lifetime [17], b adjusted for continuous and
differentiable transition at Ri or Ro,
c fixed value, see text
For the present case it can be expressed as [21]
Hrot,nondiag =
h¯2
2µR2
(J−L+ + J+L−). (11)
If the expectation value of L+ over the electronic space
is defined as a function Ξ(R) of internuclear separation
R, the matrix element of the operator above can be writ-
ten in the Hund’s case a basis of the two components
TABLE II: Dunham parameters for the state A1Σ+u of
24Mg2
for vibrational levels 1 ≤ v′ ≤ 46. The uncertainties are purely
derived from the statistics of the deviations in a linear fit.
Parameter Value
T00 (cm
−1) 26070.046(31)
Y10 (cm
−1) 190.7571(14)
Y20 (cm
−1) -1.16567(18)
Y30 (cm
−1) 0.28183(94)·10−2
Y40 (cm
−1) -0.2011(22)·10−4
Y50 (cm
−1) 0.586(19)·10−7
Y01 (cm
−1) 0.1480908(28)
Y11 (cm
−1) -0.133164(33)·10−2
Y21 (cm
−1) 0.2887(16)·10−5
Y31 (cm
−1) -0.3234(27)·10−7
Y02 (cm
−1) -0.36085(78)·10−6
Y12 (cm
−1) 0.808(70)·10−9
Y22 (cm
−1) -0.352(15)·10−10
∆00 -1.023(50)
std. dev. (cm−1) 0.025
red. std. dev. σ 1.0
[T0+Y00](
24Mg2) (cm
−1) 26068.835(40)
|1Σ+u , J > and |1Πu, J > as
<1 Πu, J |Hrot|1Σ+u , J >= Ξ(R)
h¯2
2µR2
√
J(J + 1) (12)
and Ξ(R) will be represented as a power expansion in R
like a potential,
Ξ(R) =<1 Πu|L+|1Σ+u >= D(R,Rc) ·
∑
i=0
ξi(R−Rξ)i,
(13)
where Rξ is the expansion point in the interval of over-
lap of the two electronic wave functions thus normally
close to Re of one of the potentials. In order to avoid un-
physical behaviour of this function in regions of large R,
where it is not well defined by data, the damping function
D(R,Rc) of the form
D(R,Rc) =
1
1 + eα(R−Rc)
(14)
with α > 0 is introduced to guarantee that Ξ(R) goes
to zero for R to infinity, because the electronic states
A1Σ+u and (1)
1Πu correlate asymptotically to
1P+1S and
3P+3P, respectively, resulting to an expectation value
zero for L+. If Ξ(R) can be assumed to be constant in
the region of overlap of the vibrational wave functions,
equation (12) can be simplified in a rovibrational basis
for the pair of vibrational levels v, v′ to
<1 Πu, v, J |Hrot|1Σ+u , v′, J >=
ξ0 < v, J | h¯
2
2µR2
|v′, J >
√
J(J + 1), (15)
which will be used later for the simplified approach of a
local deperturbation between the vibrational state v of
(1)1Πu and v
′ of A1Σ+u .
6The nondiagonal L-uncoupling is the only interac-
tion taken into account here. It couples levels of the
(1)1Πu and A
1Σ+u states with same e/f symmetry [21]
and common total angular momentum J. Thus only the
e levels of the (1)1Πu state couple to the A
1Σ+u levels,
which leads to Λ-doubling in the Π state. Unfortunately,
we do not observe this due to missing spectral lines of this
state. The coupled system is set up in the basis system
defined above in a Fourier grid of R (see e.g. [20]) using
potential representations for states A1Σ+u and (1)
1Πu like
those given by equation (3) with appropriate extension
for short and long range and the term from equation (12)
being non-diagonal in Λ and the kinetic energy being
non-diagonal in R. The eigenvalues are found by diago-
nalizing the large matrix in R with 1.58 A˚ < R < 11.3
A˚ and about 270 grid points giving a matrix dimension
540 x 540 of our two state model.
First attempts to use the ab initio potential of the
(1)1Πu state modified to an ”empirical” (e.g. [22]) po-
tential by adding to it the difference of the experimental
A state potential and the ab initio A state potential di-
rectly were unsuccessful. This was mainly due to the
fact that the constructed empirical potential is rather far
off from the final one, and the computational demand
by the Fourier grid code is large making response times
fairly long.
Therefore, as a quicker and more flexible approach,
a local deperturbation was preferred for constructing a
sufficiently well approximated starting potential for the
final Fourier grid fits. This approach uses the level ener-
gies of either state expanded into a Dunham series and
puts these into the matrix instead of the potentials and
of the kinetic energy. Then the Hamiltonian is repre-
sented in a basis |1Πu, v, J > and |1Σ+u , v′, J >. The re-
quired non-diagonal matrix elements according equation
(15) with Bv,J,v′,J = < v, J | h¯22µR2 |v′, J > were calculated
by applying the vibrational wave functions from a single
state approximation for either state from RKR poten-
tials using preliminary Dunham parameters. For values
of total angular momentum J = 40, 60 and 80 tables
were created, from which the desired values of Bv,J,v′,J
were derived by interpolation. This is precise enough as
the dependence of the matrix elements on the rotational
quantum number J is small.
A computer programwas set up which for any observed
level of the A1Σ+u state finds the closest interacting level
of the (1)1Πu state and determines the energies by di-
agonalizing the two by two matrix, which has the un-
perturbed energies on the diagonal and the non-diagonal
element defined by equation (15). This restriction to clos-
est neighbor coupling was used here only as a preliminary
evaluation, but it is also interesting how far this signifi-
cant simplification might be justified. For the A1Σ+u state
a set of parameters like in table II was used, but changes
were allowed during the fit. However, for this approach
only the data of the main isotopologue 24Mg2 were used,
thus no Born-Oppenheimer corrections appear. Finally
5409 (4955 unperturbed + 454 perturbed) levels of the
TABLE III: Dunham parameters from the local deperturba-
tion of the A1Σ+u and (1)
1Πu states of
24Mg2. The parameters
of the (1)1Πu state were used for the calculation of the lines
showing the (1)1Πu levels in figure 2. The uncertainties are
determined from the locally linearised problem at the mini-
mum of χ2.
Par. A1Σ+u (1)
1Πu
T0 (cm
−1) 26068.8255(38) 27952.4(3)
Y10 (cm
−1) 190.7614(13) 249.54(6)
Y20 (cm
−1) -1.16626(17) -0.984(3)
Y30 (cm
−1) 0.28530(93)·10−2
Y40 (cm
−1) -0.2104(22)1·10−4
Y50 (cm
−1) 0.678(19)·10−7
Y01 (cm
−1) 0.148094(26) 0.17208(8)
Y11 (cm
−1) -0.133273(30)·10−2 -0.1010(5)·10−2
Y21 (cm
−1) 0.2966(15)·10−5
Y31 (cm
−1) -0.3369(26)·10−7
Y02 (cm
−1) -0.36010(76)·10−6 -0.24(1)·10−6
Y12 (cm
−1) 0.736(67)·10−9
Y22 (cm
−1) -0.340(14)·10−10
ξ0 0.636(4)
std. dev.(cm−1) 0.026
red. std. dev. σ 1.0
A1Σ+u state were included in the fit, covering the range of
vibrational levels 1 ≤ v′ ≤ 46 and of rotational quantum
numbers 5 ≤ J’ ≤ 87.
For the (1)1Πu state, a set of preliminary T, Y10, Y20,
Y01, Y11 and Y02 was determined from the ab initio po-
tential, and the bundle of lines was overlaid on the plot in
figure 2 for estimating the perturbing rovibrational struc-
ture of state (1)1Πu by using E(v,J)=Tv + Bv[J(J+1)-1].
This graphical method allows quick refinement such that
the crossings of the rovibrational ladders occur at the
proper J, i.e. where the signs of the observed line shifts
change.
Iteratively, including step by step more vibrational lev-
els of the A1Σ+u state, the parameters of both states were
refined to finally include the whole data set. The vibra-
tional numbering of the (1)1Πu state was optimized for
smallest χ2 of the total fit, while always checking, that
the crossings of the energy ladders occur at the proper
rotational quantum numbers. The Dunham parameters
of both states together with the coupling constant ξ0 are
collected in table III.
From this set of Dunham parameters RKR potentials
were calculated with which the central parts of analyti-
cal starting potentials were constructed for the Fourier
grid fit. The extension of the A state potential was
done as in subsection IVA. The short range branch of
the (1)1Πu state was extended using the functional form
of equation (5). The uppermost energy level involved of
(1)1Πu is still more than 2500 cm
−1 below the dissocia-
tion limit 1P + 1S, and even further away from the region
of avoided crossing of the (1)1Πu state with the (2)
1Πu
state (see figure 1). Therefore, the details of the potential
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FIG. 3: (color online) Fit residuals normalized to the exper-
imental uncertainty. Black dots represent the result of the
coupled channels fit. Red dots show the relative residuals us-
ing the result of the single state approach for a simulation of
all observations including the perturbed levels.
extension for large R do not influence the energy levels
involved in the fit of the central part of the (1)1Πu state
potential. Thus we ignored the avoided crossing to sim-
plify the model and the (1)1Πu state is extended by forc-
ing a continuous and differentiable connection at Ro using
C6 and C8, and the dissociation asymptote at 44212.18
cm−1 for the energy of the 3P + 3P pair referred to the
bottom of the ground state PEC.
For the Fourier grid fit the data are treated in the same
manner as for the approach in section IVB, but now cov-
ering the full range of quantum numbers v′ ≤ 46 and J’
of the A1Σ+u state with all 5844 level energies for the fit.
The fit converged to the final potentials whose parame-
ters are listed in table IV. The fit quality characterized
by the reduced standard deviation σ is as good as for the
local deperturbation, but the lines of all isotopologues
are included.
We show in figure 3 the fit residuals normalized to the
experimental uncertainty ∆obs. Black dots give the re-
sult of the coupled channels fit. The distribution of the
relative residuals was checked to be symmetric around
zero. The average deviation agrees well with the antici-
pated experimental uncertainty. The red dots mark the
normalized residuals created by a simulation with the re-
sult in table I of the single state approach including the
perturbed levels. Differences (obs-cal) up to 1 cm−1 oc-
cur, showing in figure 3 magnitudes up to about 25. The
collapse of the scatter of the red dots to the distribu-
tion of the black dots clearly demonstrates the success of
describing the observations by a two-state model.
V. DISCUSSION AND CONCLUSION
All fit results tabulated above yield sets of parameters
for the A1Σ+u state of Mg2, which allow in their range of
TABLE IV: Potential parameters for unperturbed potential
energy curves of the A1Σ+u and (1)
1Πu states of
24Mg2 from
the global deperturbation with the Fourier grid method.
Parameter A1Σ+u (1)
1Πu
Ri (A˚) 2.40 2.32
Ro (A˚) 7.00 3.98
R < Ri
A (cm−1) b 0.232831962·105 0.253221018·105
B (cm−1A˚s) b 0.16881614·107 0.12163567·107
s 6 6
Ri ≤ R ≤ Ro
Rm (A˚) 3.0810 2.850
Tm (cm
−1) 26068.928 27950.50
b -0.50 -0.60
a1 (cm
−1) -0.30868902012·102 -0.1551075865·103
a2 (cm
−1) 0.15391080212·105 0.1454901454·105
a3 (cm
−1) 0.91396765946·104 0.1522044730·105
a4 (cm
−1) -0.12112855696·104 0.8628269253·104
a5 (cm
−1) -0.16560723199·105 -0.1658657656·104
a6 (cm
−1) 0.50027986049·104 -0.3953560614·104
a7 (cm
−1) 0.87361885593·105
a8 (cm
−1) -0.69237989563·105
a9 (cm
−1) -0.40569186950·106
a10 (cm
−1) 0.21924570539·106
a11 (cm
−1) 0.99034939502·106
a12 (cm
−1) -0.40996854006·106
a13 (cm
−1) -0.13251321051·107
a14 (cm
−1) 0.31127669584·106
a15 (cm
−1) 0.75779011259·106
Ro < R
C3 (cm
−1A˚3)a 0.35600·106
C6 (cm
−1A˚8)b -0.4606515·108 0.1157708·109
C8(cm
−1A˚10)b 0.3134423·1010 -0.1176734·1010
diss. (cm−1)c 35481.745 44212.180
adiabatic Born-Oppenheimer correction
v0 (cm
−1) 1.4465
ξ0 0.6389
α (A˚−1) 2.5
Rc(A˚) 5.0
std.dev.(cm−1) 0.025
σ 0.97
derived constants
Re (A˚) 3.0825(1) 2.856(2)
Te (cm
−1) 26068.913(700) 27950(10)
a from lifetime [17]
b adjusted for continuously differentiable transition at Ro
and Ri
c from [18] and De (X) = 430.472 cm
−1[1]
applicability prediction of level energies to a mean pre-
cision of 0.025 cm−1. Despite extending the range of
vibrational levels compared to [2], the uppermost lev-
els are still more than 2500 cm−1 below the asymptote
Mg(1S0)+Mg(
1P1), to which the A
1Σ+u state correlates.
Thus with the present set of data it is not possible to
characterize more precisely the asymptotic behaviour of
8the PEC or to derive a C3 coefficient from molecular
spectra.
Through the identification of perturbed levels of the
A1Σ+u we evaluated the perturbing state to reasonable
accuracy by Dunham parameters and by a PEC in a cou-
pled channels fit employing the Fourier grid method. The
perturber is assumed to be the (1)1Πu state according to
the ab initio calculations [13, 14]. Dunham parameters
and the PEC, however, should be taken with some care.
As there are no direct observations of transitions to the
(1)1Πu, it is only possible to find a vibrational numbering
which is consistent with the present experimental data
situation. So in future, if better data and extensions
to transitions (1)1Πu - X
1Σ+g are available, a revision
might be necessary, perhaps yielding a modified vibra-
tional numbering. We have used the present PEC for
the (1)1Πu and calculated Franck-Condon factors (FCF)
in order to check, if our failure of observing direct tran-
sitions between X1Σ+g and (1)
1Πu is supported by the
FCFs. Indeed, the largest FCFs, yet less than 0.08, are
calculated for a (26-0) band, which would appear around
33750 cm−1, beyond the region which was included in
the present evaluation. Weaker bands, e.g. FCF ≈ 0.02,
which could be identified for the A-X system, would ap-
pear for (1)1Πu - X
1Σ+g at about 32000 cm
−1, however,
were not observed. This might be due to the substan-
tially smaller transition dipole moment for the (1)1Πu -
X1Σ+g transition compared to the A
1Σ+u - X
1Σ+g transi-
tion for short internuclear distances [13]. Such behavior
of the transition dipole seems quite plausible if one takes
the 3s3p + 3s3p configuration as the dominant contribu-
tion for (1)1Πu as suggested from the electronic structure
in figure 1 for large R.
The experimentally determined parts of PECs of both
excited states are shown in red in figure 4, together with
the resulting coupling function Ξ(R) (blue). The cou-
pling function turned out to be by no means uniquely
determined by the fits. We tried various shapes, which
all gave the same fit quality. They all intersect at the
radius Rcr = 2.52 A˚ of the crossing of the PECs, that
means they have the same value there. Obviously the
coupling function is well determined by the data only
around this point Rcr. We decided to give in table IV
the simplest form, with the constant ξ0 and the damping
function. The value ξ0 of the coupling function corre-
sponds well to the result in table III of the local fit. Its
magnitude is of order one. This is quite reasonable, a
change from σ to pi orbital for a p electron would give√
2, [21], however, the configurations of the interacting
states here differ probably by more than one electronic
orbital reducing the coupling.
Comparing the performance of the models used for
the coupled state description, local deperturbation ver-
sus global one, both work in this particular case similarly
well. This happens probably due to the special situation,
that the coupling is localized close to the steep repulsive
branch.
In figure 4 we also show the PECs from ab initio calcu-
TABLE V: Characteristic parameters of the A1Σ+u and
(1)1Πu excited states of
24Mg2 from the present experimental
study and ab initio calculation [13]. Te is referred to mini-
mum of the ground state.
Te(cm
−1) De(cm
−1) Re(A˚) ωe(cm
−1)
A1Σ+u
this work 26068.9 9414 3.0825 190.76
[13] 26097 9427 3.04 19.8
[14] 25005 10476 3.10 191.5
(1)1Πu
this work 27950 7532a 2.856 249.5
[13] 30518 4964 2.91 246.3
[14] 26987 8494 2.83 252.0
a referred to asymptote Mg(1P1) + Mg(
1S0) at
35481.745 cm−1.
lations, the full black curves from [13] and the full green
curves from [14]. While the PEC for the A1Σ+u state cal-
culated by [13] is rather close to the experimental PEC,
the (1)1Πu curve is about 2500 cm
−1 higher in energy
than the experimental one. The PECs by [14] are both
lower in energy than their experimental counterpart, by
about 1060 cm−1 for the A1Σ+u and about 960 cm
−1 for
the (1)1Πu. For a comparison between experiment and
theory we list few conventional molecular parameters in
table V (the vibrational frequencies ωe for the PECs by
[13] were determined from the eigenvalues of their rota-
tionless potentials). In contrast to the partly large de-
viations of Te, which result also in large differences in
the bond strength characterized by De, the equilibrium
internuclear distances Re and the vibrational frequencies
ωe are close to the experimental values. Because of the
significant differences in the electronic energies of the two
ab initio approaches it is quite important to analyze the
origin of such differences.
Finally, in figure 5 we compare the PECs of the state
A1Σ+u from the single state fit and the coupled channels
fit. The difference is small for the major part of the in-
terval. This means that apparently the choice of levels,
which were regarded as being unperturbed, already de-
termines the potential quite well for further applications.
The perturbations affect mostly the short range branch,
where the perturbing state is located. The differences of
the PECs, however, translate to much smaller differences
of eigenvalues.
Above the region of levels vA ≤ 46 discussed here the
assignment could not be extended with the perturbation
structure given in figure 2. Perturbations appear more
often. This might hint to additional influence of other
electronic states than the (1)1Πu state on the A
1Σ+u state,
like e.g. Σ states developping from other asymptotes as
indicated on the right of figure 4, giving rise to further
perturbations.
In conclusion, for both electronic states we give po-
tential energy curves and the coupling function, which
describe the presently available data within a standard
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FIG. 4: (color online) Potential energy curves from experi-
ment compared to ab initio PECs. Red lines: Dotted: full
numeric model potential with extensions as used in Fourier
Grid fits, thick full lines: range of potentials supported by
experimental data. Blue: coupling function.
3 4 5
-2
-1
0
1
2
3
4
energy difference (cm-1)
R (Å)
FIG. 5: (color online) Difference of PEC by coupled channel
fit - PEC from single state fit. Only the R-interval supported
by the present data is shown.
deviation of 0.025 cm−1. The experimental PECs dif-
fer significantly in energy from the ab initio potentials,
while equilibrium internuclear distances and vibrational
frequencies fit well.
We hope that these experimental findings will trigger
new theoretical effort and help to reduce the discrepancy
between experimental and theoretical PECs for the alka-
line earth metals.
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